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INTRODUCTION

The development of heat shields for space vehicles and long-range rissiles has
motivated a marked increase in the effort to understand the process of ablation. This
intensified study is contributing to the understanding of natural ablative prencrena
that occur when extraterrestrial bodies enter the Earth's atmosphere. Ablation data
obtained in the laboratory, particularly in arc-jet wind tunnels, do not duplicate in
any single experiment all the conditions of entry Tlights; hence, there is need for
analytical methods of predicting and explaining the ablative phenomena. Before such
methods can be applied, however, their validity and accuracy must be determined by
comparing calculated results with results from wind-tunnel tests, with flight data, or
with post-flight observations of a man-made or natural object when one can be recovered.

A generalized method is presented here for solving the probler of stagnation-pcint
heat transfer and material response Tor blunt bodies experiencing melting and vaporizing
or subliming ablation. An attempt has been made tc describe the problem mathematically
as completely as possible in order to obtain nearly exact solutions. This reguired that
the analysis be machine programmed for numerical solutions. This program in various
stages of development has been used successfully at the Ames Research Center during
the past three years. It has previously been employed in the analysis of tektite
ablation.>*217

Many things incorporated in the analysis are already well established; however,
some of the features are new. The analysis takes account of the fact that entry bodieu

initially fly in the free-molecule regime, then in a transitional regime, and Iinally
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in the continuum regime o©f gas aynamics. The enclycic contoins Jormalaz or iR

transitional regime to bridge the free-molecule and coniiruun reogimes; these formulas

have been rationally derived from simple models aad are belioved to be :ew.
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Several options in the analysis and associated corputins vrogran
Internal radiaticn in tne body 1s accounted for, or the bod, can be assumed to be opague.
Flight cases as well as wind-tunnel cases can be calculated; The light cases can be
applied to any planet provided certain cheracterictics ol i zTI0osphers are nown.
Material properties and external flow conditione can be arbitrarily put intc the pro-
gramn so that a wide variety o ablation research problems can be situdied.

and to elucidate

To illustrate the types o problems presently being i
significant ablative phenomena, several examples are presented.

Example calculations are given of the ablation ol telitite-glass models in an
arc-heated wind tunnel when heating is constant and ablation is mainly by melting;
calculated values of surface recession and surface brightness terperature are compared

nee that both melts and

0]

with experiment. As an example of the ablation oI a subst
vaporizes, an entry flight intc the Earth's atmosphere ol arn ovaque tektite 1s calcu-
lated. The calculated depth of penetration of aercthermal stresses 1s compared with
that measured on recovered tektites. An example 1s calculated I'or the entry into the
Earth's atmosphere of a vehicle with a silica glass heat shield (which both vaporizes

and melts). The heat shield was ccnsidered as & transparent and as a semitransparent
glass; the results of the two calculations are corpared with the known amount of abla-
tion. Two examples are given Tor the ablation of Teflon, a material that uniergoes a
surface depolymerization to the vapor state (a process which thus resembles sublimation).
One of the examples i1s for a series of Teflon models ablating in an arc-heated wind
tunnel at constant heating conditions; calculated values of curface recession are com-
pared with measured values. The other example for Tellon is that ol the entry of a
small vehicle into the Martian atmosphere; in thic exarple, the effect o' the uncertain

knowledge of the atmospheric scale height for lars is examined.



ANALYSIO

The analysis surmarized below contains a number ot cstabliched cjuation. and

tamiliar approximations that have been used by previous invostigators.l'4 Tie Cariliar
“orms will not be discussed in any detail, but new or novel reatures o the nnalysi.c will
be presented and only brieily discussed since a detailed dlocuscion 0 berone e coope

ol the present paper.

Basic Approach and Approximations

The analysis is concerned with the problem of surface ablation near the ctagnation
point for transparent or opaque materials of finite thickness. The analysis is thus
restricted to materials that undergo surface ablation including melting, evaporation,
sublimation, or surface chemical reactions, such as depolymerization. Cherial reactionc
involving the external gases are not considered. The boundary-layer eijuations, 3s such,
are not solved, but results of known solutions are used to obtain heating rates, surtace
shear, and the effects of mass transfer. Heating rates must be solved for, in order tO
determine the front and back face boundary conditions. The heating environments treated
are generally of two types. One is of constant velocity and stream density, cucl as
generally exists in an arc-heated wind tunnel. The other environment is witi. time-varying
velocity and density over an entry flight (using a constant lift/drag ~atio but a vari-
able mass). In this latter environment, the eguations of motion are solved sirultan-
eously with the heat transfTer and ablation equations. In the equations of wotion, the

quantity, M/CDA appears, and this is related (empirically) to the surface recession.

Conservation Equations

The analysis is essentially a time-dependent energy valance along the ctagnation
center line of an axisymmetric plunt body. The basic ejuations to be solved are the
conservation equations for energy, mass, and momenturn, written in a simplified form
that is valid near the stagnation center line. The energy and momentum equations
have been further simplified by neglecting inertial terms, which is a valid approxima-

tion for viscous ablative materials such as glass, stone, or any cubliming material.



The curvilinear coordinate system used is shown 1u the sketch,

The conservation equations are:

Energy ocp <§% + v %% = g% [K %2 - F(y,t)J (1)

where F(y,t) is the internal radiation flux term.
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Most previous analyses have taken account of internal radiation or vehicle
acceleration, but not both. The acceleration term in the momentum Ea. (3) can be
important in determining the rate of removal of melted material; this term, as
written, is valid in thebstagnation region.

In the evaluation of the internal radiative flux, F, we assume either an opague
body (F = 0) or a transparent gray body (two shades of gray; one for the incoming gas
cap radiation, another for the absorption-emission of the heat-shield material). A
third alternative is to approximate the transparent gray body by a semitransparent body
that is opaque internally but has a variable surface emissivity. The evaluation of the
radiative flux for the gray transparent body is similar to that of Ref. 5 which treats
scattered radiation and uses an exponential attenuation. The present evaluation employs

the second-degree exponential integral,6 E-, and considers one reflection from the front

and the rear surfaces, which is a gocd approximation for materials that absorb well.
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where Rgep 1s the effective coefficient of reflectior for plenar radiation. The

gas cap radiation has been evaluated empirically &s
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to fit existing data, where E4, Es, and Eg are input constants for a given environment,
end V is the "enthalpy velocity" (see Nomenclature). In the calculation for the seri-
transparent body, the surface emissivity is veried in an gppropriate manner with the
thickness of the temperature profile (thermal thickness). This veriation is lerived by
assuming an exponential temperature distribution near the wall. It gives virzually the
seme results for most ablation characteristics as the transparent case (see Table I),
although the internal temperature profiles do not agree closely. It greatly reduces
computing machine time, however; hence 1t is used for most calculations where an accuracy

of the order of 10 percent is adequate.

Boundary Conditions

The boundary conditions on Eq. (1) are determined in the standard manner by
writing surface energy balances for the front and back surfaces, providing for the
eppropriate differences between the opague and transparent cases. Options are provided
in determining the rear surface boundary conditions. For heat-shield calculations, &
sink with an arbitrarily selected heat capacity is used to back up the heat shield. For
small body or tektite calculations, & base heating rate is employed that is related to
the front surface heating rate. It is noted that the surface temperatures generally can-
not be specified a priori, as these depend partly cn external conditions which may be
chenging with time. The computing program must "find" the appropriate boundary condi-

tions that satisfy the partial differential Eq. (1) and the surface energy balences.



Method oi Jolution

The method of solution ol the system of Egs. (1-3) 1s first to solve the momenturn
Eq. (3) by & numerical gquadrature, to obtain G. One inserts 4 into the continuity
Eq. (2), and by another numerical gquadrature ¥ 1is obtained. Then Cne puts ¥ iInto
the energy Eq. (1), and this equation is solved by finite differences. A Torward
difference scheme is employed in & manner similar to previous investigations.l‘4 To
take account of the decreasing depth of material with time, a shrinking cocrdinate
system is used, so that the number o!' grid points remains constant.

The environment acting on the ablator will either be constant or time varying.
For wind-tunnel calculations, the external conditions imposed on the ablator will be
known, and will usually be constant. For flight cases, we use the two-dimensional
trejectory equations (with variable mass) for entry in a meridional plane ror the

€ Thus the flight case solves

time-varying external conditions acting on the ablator.
simultaneously the conservation equations of mass, momentum, and energy for the ablating
material, the appropriate zerodynamic boundary conditions, and the trajectory equations
of flight motion.

A number of physical properties of the ablation material which appear in the
analysis (e.g., thermal conductivity, specific heat, viscosity) are functions of temper-
ature. These functions have been represented analytically, with constants in the repre-

sentations that can be read into the numerical computing program. For example, viscosity

is represented by
By
- Bs
eT-B14 (6)

o=
where By, Bs, and Bys are the input constants 1or a given material.

The accuracy of solutions obtained by the finite-difference method will depend on
the grid spacings in time and space. As a semi-independent chieck on the accuracy
obtained, a running energy balance is computed. A residual (zrror) based on einergy
rates is obtained, and 2 cumulative residual based on total erergies is calculated.
These energy balances also, as illustrated later, show the dispositions of the energies

involved.



Tie Free-Molecule, Continuum, and Transition Regimes

o

In order to write the forward surface energy balance, one needc to know the
convective heat transfer at the surTace. In laminar continuum flow we can evaluate

the suriace convective heat transfer as® (with a vorticity ccrrection)
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where A, 1s a constant and Ep contains constants that depend on the planctary atros-
pheric composition, Cg 1s a vorticity correction (generally small), and V 1is the
"enthalpy velocity." Equation (7) gives excellent agreement with existing experimental
data over an extended range of enthalpy potentials. The value of A, for Earth entries
is approxivately 1.1; in wind-tunnel tests, A, is evaluated with a calorimeter. With a

blowing correction we have
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Aye = Voc (

where we evaluate ¢ as

Vo= 0. 9k + 0.06 (9)
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This relation gives a good fit to a number of boundary-layer sclutions.

10-12  Tye expo -

nent E~ (normally unity) accounts for suppression of vaporization by the presence of
oxygen.l3 The constants E- and Bj;, of course, will vary with material and composition
of the planetary atmosphere. The correction term, Gch = GWC/GwFM’ is zero except for
surface chemical reactions when it accounts for possible rate control (see Nomenclaturej.
For surface convection in the free-molecule regime we use a lewtonian approximation

LoDV,
q oo ‘
dpy = 6—683% (V2 - 0.00830 CPTW) (Lu)
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In the trancition regime betwee:n e -molecule and continuun low, the ~onvertive heat

O

transfer will have a value bridged between the evaluations ir EGS. (8) ani (10). This
has been rationally derived irom a simple Finetic theory modcl. The detalls oY the
derivation are beyond the scope of the present paper, but the result turns out to be

q’\;f‘ﬂ = q‘g‘!C

- (« ) »
[1 e qFM/C\JCJ (11)

Equation (11) is an example of several new features of the analysis and 1ts
associated computing program. In Re?. 14 a purely empirical rree-mclecule-continuum
bridging formula was used. Both Eq. (11) and the empirical tormula give goou fits to
existing data, but Eq. (11) is now being used because it has a thneoretical busic. Simi-
lar bridging formulas for surface shear and surface normal velocity are noted below.
Bridging formulas are needed for some wind-tunnel conditions and for entry flights of
smell bodies, such as tektites. During an entry flight, a tektite, for example, will
pass through the free-rolecule, transitional, and continuum regimes. Using an expression
such as Eg. (11) automatically takes account of these changes or heating rates.

In the gquadrature of the momentum Egq. (3), we need the w-derivative of the surface
shear. In the continuum regime, this quantity, T%c’ i3 evaluated using a modified
Reynolds analogy with a correction for blowing as given in Ref. 11. In the :ree-
molecule regime, the x-gradient of surface shear, T&FM, is evaluated by & Newtonian
approximation and 1is unaffected by blowing. Using a model similar to that used tor heat
transfer, we obtain (from a derivation outside the scope ol this paper) the bridging

relation for the x-derivative of surface shear

Equation (12) is new, and it replaces previcusly used erpirical forms. In passing
through the free-molecule, tO transitional, to continuum regimes, tormula (12) will
automatically take account of the changes in surface shear.

The normal front-face velocity, ?w, is needed in the quadrature of the continuity

Eg. (2) and in the front surface heat balance. ‘The value of this gquantity uepends on

8



sursace and external conditions. For the diffucio:n controlled regine, we cal-ulate

V,q using the so-called Lewis analogy (Le = 1), which states that the ratic of

' masc

ditfusion to concentration "egradient" is egual to the ratlio ol continuum reat transler
& i

to enthalpy potential.l5 Tor the free-molecule or rate-controlled regime, we dic-

tinguish two cases: (1) evaporation or subliration for whiclh: we have the Langruir

equation, and (2) a chemical reaction, such as a uepolymerization, ror wnich we use an

Arrhenius type rate equation. The bridging or transitional [ormula between tne two

regimes, valid for evaporation, sublimation, or chemical reactions, is:

1 1

1 _ o
Vy o VuFM Vg

The use of Eq. (13) automatically places the velocity in the appropriate regime:

diffusion-controlled, the rate-controlled, or the transitional regime.

Exarple Derivation of Bridging Eguation: Transition Between Free-Molecule and

Diffusion-Controlled Regimes for Front-Face lNormal Velocity

the

As an example to illustrate the type of bridging we are using, we briefly outline

the derivation of Eg. (13) for Gw for the evaporation case. The Langmuir eiuation in

its usual form {or the free-molecule regime can be written

. n‘t'\[
mFl\I = ACVpV EHRgT

(14)

We define p, as the actual vapor pressure as distinguished from the equilitrium vapcr

pressure, Dp,. We have, then, for the actual mas- losg rate

Pa\\

I'“FM@ "5

]
1l

(15a)

(15b)

The mass transfer by diffusion is essentially proportional to pg, but the tieoretical

maximum diffusion rate is

I.nd = Kgby

(16)



SO we can write
I

mo= TG \E%/ (17)
V.

-

With @ guasi-steady state ascumption, we can say that the wasc loss by rcete control is
diffused away at the same rate, so we can eliminate pa/}V between Egs. (15B) and (17)

and obtain

J_':._l_..i.i (18)

moodmy Mg
Cancelling out the constant density, p, we have Euy. (13). A cimilar derivation for the
evaporation case is to be found in Ref. 16. These Torme (Eas. (13) and (12)) are con-
sidered valid over the complete spectrum from rate control tc diffusion control and are
also valid for the chemical reaction case. The other bridging cjuetions ((11) and (12)),
listed above, are similarly derived from simple rmodels. The only bridging e:uation for
the transitional regime which has not been derived {rom a sirple model 1s that for the

coefficient, Cp, which appears in the trajectory equations and which has beer bridged

empirically to it existing data.

ILLUSTRATIVE RESULTS

The examples shown below represent several types of ablation. Calculated and
measured results are compared for all examples except the last one, which is a Martian

entry. The dispositions of energies for the examples given are surmarized in table T.

Tektite Glass in a Wind Tunnel

Tektite glasses, ablated at high enthalpies in an arc-jet wind tunnel, iurnish
examples of ablators that both vaporize and melt. Typical comparisons between calculated
and measured values of surface recession and surface brightness temperature are shown in
Figs. 1 and 2. The agreements can be seen to be very good. which lend conridence that
flight cases involving tektite glass can be successfully calculated.t® In both figures
the calculations were made for a transparent glass and for a cemltransparent glass, and

there is little difference between the results of the two methods of computation. The

glasses used in these examples ablate by melting rore than by vaporization because of the

10



noderate enthalpy in the wind tunnel, the low viscooities. w.d low vapir rre curen cf the

(=N

glasses. For the glasces in Fig. 1, about one percent of the ablation 1o du te vaporiza-
tion, and Tor the glasses in Fig. &, vaporization accounts o less than one percent. At

higher enthalpies the relative amount of vaporization increass=s. In table I ic shown the

disposition of energies calculated for the semitransperent glaossc o Fig. L. Due tc the

small amount of vaporization, very little heat isc blocked, and most o' the Il:ncoming

energy is accounted for by melting.

Tektite Entry Calculation

The results of calculations for a typical opague tektite entry casze are siown in
Figs. 3 and 4. An entry speed of 11.0 km/sec and an entry angle ol -30% were used for
the calculations. These conditions correspond tc a typical aeauced trajectory for a

ictoria australite (Ref. 17, Fig. 22). 1In Fig. 3 are shown calculated values of
velocity, surface temperature, surface recescion, and surface recession aue to vapori-
zation. The free-rolecule and continuum regimes are also distinguished. Time zero is
arbitrarily selected as "far ocut" before any appreciable aerodynamic heating has begun.
This example illustrates the response of a material that vaporizes readily, with about
14 percent of the ablation due tc vaporization and the rest irom melting. Ac the tek-
tite heats up, its surface begins to ablate at a temperature 1n excess oFf 2000° K. The
surface temperature and ablation rate reach a maximum and then fall off as the body
slows down. The end of ablation occurs rather abruptly, and the remainder o:r the flight
is that of a solid body being aerodynamically coolea. Measurements of the arount of
ablation at the stagnation pointl®’17 on recovered tektites yield values not greatly
different than the 7.3 mm calculated for this example. The calculations indicate that
for this flight, a negligible portion of the ablation occurred in the Iree-molecule
regime. The portion of the ablation in the transitional regime was 24 percent, compared
to the majority of ablation in the continuum regine (7€ percent). For smaller tektites
and shallow entry angles the percent of ablation in the Iree-riolecule and transitional

regimes will be greater; for large venicles this portion of ablation i1s generally small.
g ¢

11



In Fig. 4 are show: variation. o the caleuloted berpe rroure prollle.
recescion wita time. Thic Ydgure giver a fairly comploete plocure of She

and eventual cooling ol the body during its flight. ILeasurerents on recs

oo sullace

ity rnal heatling

veore o bodles

show locket in thermel streccec that very Irom a depth of 0.2 o te a deptn o .35 om,

cerresponding tc the calculated depth of 0.23 cm.~" The Shoervarions cl
thermal ctresses and deducet curiface vecession on recovered todles are corpaiible with

tne calculated results. Tie ernergy dispositions ‘or the “lignt caloulate!

zr»~ 1in table I.

The vaporization that occurs in this Tlight causes substantial heat bleochase; the bulk

o' the energy is accounted for by heat bloclage, heating ana vaporlzing,

and eating and

relt flow, these three guantities being of about the same crder o magnituce.

Reentry Flight With Silice Glass Heat Shield

A calculation was made for a reentry flight of & nose-cone with an cpaguc cilica

glass heat shield. This vehicle and flight are described by Hidalge ana Keaznaofl.

For this trajectory and thisc heat-shield material the porticon ol ablation

tion is about 14 percent which is comparable tc thie tektite entry case

Q

iscussed. The recovered reentry vehicle allowed the amount oo ablation,
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due to vapor-

previously

X, at the

stagnation point to be determined. The physical-property ZInputs in this case correspond

18

to opague silica, but both the transparent and the semitransparent opt

puting program were run with the results

tr € serdltrar rent
(transparent) - 111 X (seritransparent) 1S

X
X (observed) X (observed)

The corresponding ratio as calculated by Hidelgo and Kadanof'i ucing their

o

e

oI the com-

quasi-steady

ablation aralysis was about 1.10 and by Chapmen and Larso at4 asing a divic rernt (integral)

method of calculation, 0.92. This illustrates that the armcunt of ablation

}__l
no

on oSimple



materialc such as glass can be computed to the order o 10- © Li-poruent &zciracsy oy
several methods, including two ol the options of the present prograr. In wicow o7 the

inevitable angle-o®-attack variations in tlight, whlch cause tne ostagraticr rsint of
meximur heating to wander somewhat over the nose and thus recuce Zomew:zat Tl mexirman
recession, the observed difierence between calculated and measured ablatlion I35 in the

expected direction. The energy disposition:z Zor both the tra:isparent and zerltransparent

i

o

1

[0}

calculations are shown in table I. It is of interest that the two calculea-iins yi
energy proportions that are nearly the same, although the Internal temperaturs dictribu-

the transparent case. In both

[
—
]

tions are different because cof radiative transmission
cases the total ablation is moderate, so that the actual amount ol vaporization is

roderate and the heat blockage term is relatively smell.

Teflon Model ir an Arc-Jet Winc Tunnel

Under normal ablative conditions, tetrafluorocethylene polymer (Teflon) undergoes a
surface depolymerization and vaporization of the monomer at a surface temperature o
approximately 7600 X. There is no one specific temperature at whicn the reaction ocecurs,
but a sharply rising reaction rate with temperature in this neighborhood essentially con-
trols the surface temperature of an ablating model.'®:2° Under these conditions, the
viscosity of Teflon remains high, so the process can be said to resemble a sublimation
(with the reaction rate determined by an Arrhenius type rate equation). In performing
the calculations for Teflon ablation, it was assumed that any energy involvec in possible
chemical reactions between the Teflon vapor and the external gases could be neglected.

Comparisons between calculated and experimentally meacured surface recession for
Teflon are shown in Fig. 5. The experiments by G. Lee and R. Sundell, Ames Rosearch
Center,(unpublished) were performed in an arc-jet wind tunnel for four values of
enthalpy. It is seen that the agreement obtained is quite good with the possible excep-
tion of the 700 Btu/lb total enthalpy case. It 1s thought that the generally satisiac-
tory agreement shown in the figure indicates the valicity of the method o calculation

and also that the physical properties oi' the substance have been adequately represented

13



The dispositions oo the czleulated energles or the 2000 Do/l ool ok
re chown in table I. The neat blockage term i: ~airly large, beczuse all 1o ablatec

meterial leaves in the vapor state. The largest term is the energy or heat'ng,

depolymerizing, and vaporizing.

Teflon Heat Shielcd in a Mars Entry

. ] . . X . - . . [»)

The calculations for this example illustrate entry Tor a proposed lars yrooe.*l £
- . 7 . . e~ . -

spherical capsule of ©l.0-cm diameter has been acsumed, with a l-cm-thick Tellon hez

shield, entering the Martian atmosphere in an oriented attituce. Four possitle atmos-

pheres have been assumed az tabulated below.

Corposition (veol.) Jcale height, ko
100% la 7.8
O1% lis, 9% CO2 7.8
100% lip 20.0
01% liz, 9% COs 20.0

Calculations were made for an entry velocity of 7.92 km/sec and For two entrl angles,

o

-90° and -20°. An M/CDA for continuum flow of 3.91 g/cm? was assumed Tor the vehicle,
and M/A was held constant while the Cp varied through the transition zvon the Iree-
molecule to the continuum regimes.

The -90° entries have the greatest peak-heating rates, but the -20° entries absorb
the most total heat and are the most critical cases Trom a heat-shield standpoint. The

heat-shield responses are compared using stagnation-point recession values ac tabulated

below.
Total stagnation
Atmosphere Entry angle point recession, cm
lp, small-scale height -90° 0.098
Ny large-scale height -50° .159
W5-COs small-scale height -50° 121
li,-C0s large-scale height -00° 179
l5-COs smell-scale height -20° L1906
Np-C0s large-ccale height -20° 341

As seen by cowparing the -90° entry cases in the table above, the most Sever: environment

is with the mixed atmosphere and the large-scale helght. The tine of expcsure to heating

14



1t ror two ollierwiose sinmillar vrodeciivoe o, 4

ig rouglly proportional to ccale hiclg

total heat absorbed iz approximately proportional to the z:iuare 0oCt I expo.ure time
Py J - b

(and theretore scale height). Thic approxirate relationshiy botweon ccele nelignt ana

total recession can be deduced “rom the table zbove. The strong depencence o the heat-
shield response on the uncertainty of kunowledge of the atmocpheric oscele nelipit 1o con-

sidered to be important, as it will presumably apprly to any heat-shield material.

The disposition of energles for the -20° case with large-scale height icr shown in
table I. As with the Teflon wind-tunnel results, the two large energy terms are the
heat blockage term and the term that acounts for heating, depolymericing, anc vaporizing.
In the environment of the -20° Martian entry, the concgiderable armcunt ol ablation of
material to the vapor state accounts for the very large heat blockage term.

The analysis has also been used in an approximate manner to calculate the juantities
of interest around the front hemisphere of the spherical capsule ror the most severe -20°
entry case. The results are summarized in Fig. € which shows the variation o total
recession and front and back Tace maximum termperatures around the hemispheric heat shield

as well as the total mass loss. These results illustrate how variable material thickness

may be used in heat-shield design.

CONCLUDING REMARKS

A generalized analysis of stagnation-point ablation has been presented Zor solving
a wide variety of problems involving melting and vaporizing, subliming, or surface chem-
ical reactions. The Tlexibility of the analysis has been demonstrated througnh the pres-
entation of several varied illustrative examples. In general, i1t is expecteu tnat
accuracy of answers obtained will depend largely on the degree of knowledge ¢f the physi-
cal, chemical, and thermodynamic properties of the ablating material, as theCe are nec-
essary inputs into the computing program. The procedure of relating calculations Tor a
given material to experiment wherever possible has beer noted. This gives ccnridence in
calculations for the same material exposed to other conditions, when the response cannot
be verified by experiment or observation. The aralysis has been put into a rumerical

computing program written in IBM FORTRAN IT.
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.. OMENCLATURE

v-direction body Torce per unit mass, om/sez® (acceleration in flight case)

frontal area, em?

Tree-molecule accomrodation coefficients for heat transfer, mass 10ss,
dimensionless

constant, defined by Eq. (7)

constant, defined by Eq. (9)

specific heat, cal/g °K

average specific heat, external gas, cal/g %K

drag coefficient (continuum), dimensionless

vorticity correction in BEg. (7)

free-stream density, g/mE

exponential integral®

constant, defined in Egq. (9)

radiation flux, cal/cnf sec

stagnation enthalpy, cal/g, J/kg, or Btu/lb, as specified

thermal conductivity, cal/cm sec 9K

defined in Eg. (16)

Lewis number, dimensionless

molecular weight

mass loss rate, g/cr® sec

mass of body, g

index of refraction, dimensionless

pressure, dynes/cm2 or atm, as specified

pressure downstream of normal shock, atm

equilibrium vapor pressure, atm

surface convective (continuum) heat transfer with no blowing, cal/cm? sec

initial surface convective heat transfer with no blowing, cal/cm2 sec, W/cmz,
or Btu/ft? sec, as specified

16



ch

Xvap

. . R e )
surtace convestive (free molecule) heal trusaiiew, col/ons oec
cas cap radiation rate, cal/erf sec
surtace convective (continuum) heat transfer with blowlas, cal/fr? e
curiace convective heat transfer (all regimes), cal/cn sec
effective coefTicient of reflection for planar radlation, dimensicnless
= e - - O
universal gas constant, ergs/role K
time, sec
. . @]
temperature, “K

°x

brightness termperature (emissivity unity),
velocity in x-direction, cm/sec

velocity in y-direction, cm/sec

hie
=
—

Vue/Vypy, for surface chemical reactions only; otherwise zero (Eg. (@
enthalpy velocity, km/sec; defined as V2 = 0.00836 hg

free-stream velocity, km/sec

longizudinal coordinate along meridian, ¢m

transverse coordinate norral to surface (inward), cm

absorption coefficient, internal radiation, cm™t
absorption coefficient, gas cap radiation, en”t
trajectory angle, aeg

dummy variable, cm (Eg. (4))

viscosity, poise

density (constant). g/em”

O,r4

-12 K

Stefan constant, 1.369x10 cal/cn® sec
shear, dynes/cm?
surface recession, c¢m

surface recession due to vaporization, cm

convective heat blockage factor (Eq. (&)), dimensionlesc

17
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actuzl (Egs. (19) and (17))

a
BF back Tace

C convinuurm

d ditfusion

FM iree molecule

i initial

max maximum

s stagnation (or settling chamber)
v vapor expelled

W wall (front face)

we wall, continuum

wd wall, diffusion

wFM wall, free molecule

0 no blowing

o free stream

Superscript

x-derivative

18
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